Using repeated positron emission tomography (PET) measures of regional cerebral counts, we investi gated the regional cortical activations induced in eight normal subjects performing eight different frequencies of fingertapping (0,5-4 Hz) with the right index finger. The task was auditorially cued and the performance recorded during the scanning procedure. Performance evaluation showed increased error rates, during fingertapping, of high and low frequencies, and the best tapping perfor mance was measured in the midrange of frequencies, Sig nificantly activated areas (p < 0,05) of normalized cere bral counts were located in the left sensorimotor cortex (MI S ]), right motor cortex, left thalamus, right insula, supplementary motor area (SMA), and bilaterally in the primary auditory cortex and the cerebellum. Statistical evaluation showed a significant (p < 0,01) and positive
dependence of cerebral activation upon movement rate in the contralateral MIS I. There was no significant rate de pendence of cerebral activation in other activated motor areas. The SMA and the right cerebellar hemisphere showed a more uniform activation throughout the tapping frequency range. Furthermore, we found a stimulus rate dependence of cerebral activation in the primary auditory cortex. We believe that the present data provide useful information for the preparation and interpretation of fu ture motor activation studies of normal human subjects and may serve as reference points for studies of patho logical conditions. Key Words: Positron emission tomog raphy-PET-Cerebral blood flow-Unilateral finger movement-Primary motor area-Supplementary motor area-Human brain.
tional organization and anatomical localization of voluntary movements (Grafton et aI., 1991; Cole batch et aI., 1991) . Other studies have focused on the changes in rCBF using the complexity of the movement (Shibasaki et aI., 1993; Deiber et aI., 1991; Sabatini et aI., 1993) or the frequency of the movement (Sabatini et aI., 1993; Seitz et aI., 1990) as a variable. Concerning the latter, results have shown a rate dependence of rCBF in human motor cortex. However, little effort has been made to thoroughly characterize this relationship during performance of simple motor tasks. Complexity of movement has been suggested to have an additional effect on the activation of the contralateral and ip silateral MIlS 1, as well as the SMA (Shibasaki et aI., 1993) . Regarding ipsilateral motor cortex acti vation, its presence is still a matter of controversy (Shibasaki et aI., 1993; Kawashima et aI., 1993; Ro land et aI., 1982; Sabatini et aI., 1993) . but param eters such as motor recruitment (Kim et aI., 1993) and anatomical localization of the joint in terms of distance from body axis (Colebatch et aI., 1991) seem to be determining factors for its statistical de tection. The available evidence, therefore, suggests that several parameters affect the presence and ex tent of activation in cerebral motor areas. To en lighten some of these issues, we designed a simple auditory-paced and performance-controlled motor paradigm, with a fixed amplitude of movement and a predefined range of movement frequencies. Re gional cerebral activation was measured using pos itron emission tomography (PET) and H2 15 0 in nor mal human subjects. The primary aim of the present study was to determine the relationship between the movement rate of a simple motor task and the ac tivation of cerebral motor areas.
MATERIALS AND METHODS

Subjects
Eight healthy male volunteers (age range, 20-28 years) participated in the study. All subjects were strongly right handed as assessed by the Edinburgh handedness inven tory (Oldfield, 1971) . None of the subjects had a history of neurologic or psychiatric disorders. Informed consent to participation was given by each subject according to the declaration of Helsinki II, and the study was ap proved by the Danish Central Scientific Ethical Commit tee (j. nr. c-1992-30 ).
Data collection
The PET tomograph was a GE-Advance whole body scanner (General Electric Medical Systems, Milwaukee, WI, U. S.A.), collecting 35 slices spaced by 4. 25 mm through an axial field of view of 15. 2 cm. This allowed sampling of the whole brain volume with a transaxial res olution of �5 mm (DeGrado et aI. , 1994) . Images were reconstructed with an 8. 5 mm Hanning filter and all slices were corrected for tissue attenuation, measured by an initial transmission scan.
Subjects were positioned parallel to the canto meatal (CM) line in the PET scanner and the head was fixed individually using molded head holders of expandable polystyrene foam.
Twelve studies were acquired for each subject, with 10-12 min interscan intervals. A bolus of �0. 9 GBq (25 mCi) H2 150 was administered intravenously to the cubital vein of the left arm. Integrated counts were collected by the PET scanner for 90 s after bolus arrival to the brain.
Activation paradigm
The experimental condition consisted of fingertapping with the right index finger on the "space" key of a com puter keyboard. Eight different frequencies, ranging from 0. 5 to 4 Hz, with increments of 0. 5 Hz were used; fre quencies were randomized across scans in each subject. The amplitude of the movement was 3 mm. This distance was not measured for each tap, but the subject was in structed repeatedly to move the finger only as much as the key of the keyboard allowed, while maintaining phys ical contact with the key. It can be argued that the am plitude of movement tends to get smaller with increasing rate, although visual inspection did not reveal such a trend. During execution of the motor task, subjects did not report signs of physical exhaustion at any frequency. The task was cued by an amplified computer signal and the sound (500 Hz) was generated by a loudspeaker that was placed 1 m behind the scanner. Subjects were briefly trained and instructed before each scan. Activation started 30 s before injection and the pace signal was ter minated 30 s after bolus arrival to the brain. The subject returned to a resting condition in order to optimize the signal-to-noise ratio during the activation task (Silber sweig et aI. , 1993) . Performance was recorded by a reg ular personal computer via the computer keyboard.
Before and after the eight activated conditions, a base line study was performed in which the subjects had their eyes closed, were lying motionless, and had no auditory input or motor activity. Two similar rest scans were ob tained some days later while the same subjects were par ticipating in a different motor activation experiment.
Image analysis
Image analysis was performed on a Hp Apollo 735 work-station using Statistical Parametric Mapping (SPM) software (MRC Cyclotron Unit, London, England). Cal culations and image matrix manipulations were per formed in MATLAB (Math works Inc. Sherborn MA, U. S. A. ).
The 35 original contiguous 4. 25-mm scan slices were interpolated to 59 planes to render the voxels approxi mately cubic. All images were aligned on a voxel-by voxel basis using a three-dimensional (3-D) automated algorithm (AIR software) (Woods et aI. , 1992) . The inter commisural (AC-PC) line was identified as previously de scribed by Friston et al. (1989) and the volume trans formed into the standard stereotactic space utilized in the atlas of Talairach and Tournoux (1988) . Stereotactically normalized images comprised 26 planes of 2 x 2 x 4 mm voxels, corresponding to the horizontal sections in the atlas. Each image was smoothed with a Gaussian filter of 10 x 10 x 6 mm to increase the signal-to-noise ratio and accommodate normal variability in functional and gyral anatomy for group analysis.
The whole brain mean pixel count in each image vol ume was proportionally normalized to a value of 50, to obtain images of normalized cerebral counts (NC). Quan titative measurements of CBF were not used since the distribution image of NC was used as an indirect mea surement of regional neural activity (Fox and Mintun, 1989) . Further data analysis comprised two steps. First, SPM was used to identify the activated regions of interest (ROIs) in the motor task, by a pixel-by-pixel calculation of the {-value, SPM (t), at a threshold of p < 0. 05, cor rected for multiple non independent comparisons. SPM analysis was performed by comparing all movement con ditions weighted for movement frequency, with the mean of the resting conditions. Contrasts [5, 10, 15, 20, 25, 30, 35, 40] and [-45, -45, -45, -45] were used for the activated and resting conditions, respectively. ROI val ues were selected using the peak coordinates of all sig nificantly activated areas. Second, the relationship be tween movement frequency and physiological response was characterized using a post hoc analysis of the se lected ROI values, as described below.
Statistical methods
For each subject, an individual regression line was cal culated using the regional NC (rNC) of all significantly activated ROIs and the stimulus rate as the independent variable. Slopes of the eight individual regression lines were compared to zero using t-statistic (p < 0.0 1). If the t-tests of the individual regression lines were significantly different from zero, it was concluded that there was a positive linear dependence between frequency and rNC (Matthews et aI., 1990) . To describe the regression line of the whole data set in each ROI, linear regression analysis on a mean of all values was used. (We note that because we weighted the condition means according to frequency in the SPM analysis, we were biased to find significant regressions in the post hoc analysis. However, since we had already established statistical significance, the linear regressions still served as useful and revealing character izations of the responses.) Regression analysis was also performed using the error rate as the independent vari able to test for a possible coupling between rNC and dif ficulty of the motor task.
When values were compared between the four rest con ditions and one or more activated conditions, analysis of variance (ANOV A) for repeated measurements was used. The main effect of hemisphere and condition was evalu ated using the same statistical approach, i. e. , ANOV A, assessing the interaction term between areas of bilateral activation.
RESULTS
Cerebral areas with significant (p < 0.05) increase of rNC during the eight different motor tasks are listed in Table I . Sagittal, coronal, and transverse projections of the SPM (t) are displayed in Fig. I . Peak activated areas were located in the contralat eral primary sensorimotor cortex, i. e., MISI (pos terior part of the precentral gyrus), in the ipsilateral motor cortex (M I) (middle part of the precentral gyrus), bilaterally in the primary auditory cortex (AI) (transverse temporal gyri), bilaterally in the cerebellar hemispheres, SMA (paracentral lobulus), left thalamus, and right insular cortex.
In the bilaterally activated areas, post hoc statis tical evaluation showed a significant (p < 0.01) in-teraction of hemisphere versus condition for cere bellum as well as AI. The activation response was significantly larger in the right cerebellar hemi sphere compared to the left, and the opposite was true for AI.
The performance of the motor task was evaluated using the actual tapping frequency and error rate as parameters. Actual tapping frequency (Table 2) , which is the average tapping frequency performed by the subjects, had the largest deviation (>0.03 Hz) from the cue during performance of the high frequencies.
In addition, the standard deviation of the fingertapping was high in this and the low fre quency range. The lowest standard deviation and the lowest deviation from the actual tapping fre quency were seen in the mid frequency range, as an indicator of accurate performance. The error rate is shown in Fig. 2 . An error was defined as a deviating number of taps compared to the number of cues given during the scanning procedure (acquisition of the cerebral counts). Half an interval, M/2, on each side of the cue was used for registration of taps. If there were no taps during this interval it was con sidered to be an error (missing tap), and if there were more than one tap, each was considered to be an error (excess tap). Subjects had a high total av erage error ratio (number of errors divided by total number of taps) of -7% during fingertapping at 0. 5 Hz (Fig. 2) and -4% at 4 Hz. Lowest values were recorded in the midfrequency tapping range (1-2%). Performance data showed a considerable intersub ject variance throughout the frequency range. Fig  ure 3 shows changes in normalized cerebral counts during performance of the motor task. The response function of left MI/SI has a mean value of 57.9 rNC during performance at 0.5 Hz, which increases to Coordinates in a standard stereotaxis space (Talairach and Tournaux, 1988) are given for the maximally significant pixel in each area in the order x, y, z, where x is the lateral displacement from the midline, y is the anteroposterior displacement relative to the anterior commissure, and z is the vertical position relative to the AC-PC line. The percentage change in rNC is given at each location, together with a measure of significance, the Z-score (Z is one standard deviation of the unit normal distribution).
BlJgI ttol
CDr-Dnol 62. 4 rNC during performance at 4 Hz. There is a significant dependence of rNC to frequency (p < 0.01) ( Table 3) , and the slope of the regression line is 1.08 (p < 0.01). The response function of the SMA (Fig. 3B ) peaks primarily at I Hz to a mean value of 60.1 rNC, then decreases to lower, but still Mean actual tapping frequencies are subtracted from the cue frequency and displayed in absolute numbers as a measure of tapping accuracy. significant, activated values compared with those at rest. At 4 Hz, activation peaks to a value of 62.5 rNC. The slope of the mean regression line is not significantly different from zero (p > 0.05) ( Table  3) , with no statistically significant dependence of rNC to movement rate. Figures 3D and E show sim ilar results for the right cerebellar hemisphere and M I, with no significant rate dependence upon fre quency. Figure 3C shows the stimulus rate depen dence of the left primary auditory cortex. There is a significant dependence of rNC upon frequency (p < 0.01), and the slope of the mean regression line is 1.13 (p < 0.01). In all figures, a level of significance is indicated next to the measurement, which is the result of ANOV A calculations. Looking at Fig. 3 gives the impression of a tendency towards a con siderable relative increase of rNC during execution of 4 Hz tapping compared to the rest of the fre quency range (AI excepted). The result of an ex clusion of the 4 Hz frequency from the regression analysis is shown in Table 3 . It is clear that the slopes of the regression lines tend to approach zero, except for AI, while the significance level of the regression line remains relatively unchanged. Regression analysis of rNC and error rate was not statistically significant in any of the motor areas; this could be due to the variability in the perfor mance data. A larger sample size would have been preferable in order to obtain a more reliable statis tical evaluation. The following discussion will, therefore, be descriptive in relation to the issue of a possible coupling between rNC and performance of the motor task.
DISCUSSION
The five areas of major interest-left MIS 1, SMA, AI, MI, and cerebellum-will be discussed below.
MlISl
Present data show a movement rate dependence of the rNC in MISt. Former PET studies have proven that stimulus rate is a significant determi nant of the rCBF response in primary perceptive cortices (Fox and Raichle, 1984 ; Wise et a!., 1991; Price et aI., 1992), but little effort has been made to characterize the effect of movement rate on cere bral motor activation. In animals, a rat study (Col lins et aI., 1986) showed increasing metabolic re sponse to electric motor cortex stimulation rate in the range of 0.25-3 Hz. Emission tomography stud ies in humans, using two different frequencies of J Cereb Blood Flow Metab. Vol. 16, No.5, 1996 finger movement (Seitz et a!., 1990; Sabatini et aI., 1993) , have shown that CBF in MlIS} depends on rate and amplitude. Our experiment showed that cortical rNC increases as a linear function of move ment temporal frequency between 0.5-4 Hz (Fig.  3A) . A descriptive approach would argue that the curve has a sigmoid shape with a plateau in the range of 2-2.5 Hz. It has been suggested that com plexity of movement has a marked effect on rCBF change in M} S 1. Shibasaki et a!. (1993) found an increased activation of MIS I when the complexity of a finger movement (as the only parameter) was increased that was believed to reflect an increased demand for motor control. Our performance evalu ation showed an increase in difficulty of the task in the high and low range of frequencies. In the high range, the cue is fast, and it is hard for the subject to keep the pace; in the low range, it is difficult to time the tapping correctly. In the midrange of fre quencies, the subject relies on a more automatic and easier generation of motor performance. The characteristic shape of the response function (Fig.  3A) could, therefore, reflect an increased demand for motor control in the high and low movement frequency ranges, as was suggested by Shibasaki et al. (1993) . Our data show that activation of the pri mary motor area probably depends on the difficulty as well as the movement rate of the motor task. We suggest that there is an optimum movement fre quency at �2-2. 5 Hz, reflecting a less complicated neural composition of the motor task during execu-tion of more trivial motor procedures. An important error source is recruitment of different or additional muscles during execution of slow and fast tapping which was not observed during the experiment. The use of electromyography (EMG) would have been a proper way of monitoring the subjects.
SMA
The role of the SMA has been a matter of con troversy in motor activation studies. Early studies in humans (Lassen et aI., 1977; Ingvar and Philip son, 1977) proved that the SMA participates in the organization of movement sequencing and plan ning. Roland et al. (1980) showed that the activation of the SMA is related to complexity, an observation that has also been reported by other authors (Ka washima et aI., 1993; Deiber et aI. , 1991; Grafton et aI., 1991; Shibasaki et aI. , 1993; Rao et aI. , 1993) . Some reports have shown contradictory results (Colebatch et aI., 1991; Sabatini et aI. , 1993; Matelli et aI., 1993) , the diversity of which is confusing and may be as result of differences in paradigms and varying performance controls. We found no rate de pendence of cerebral activation in the SMA, but a slight decrease of the response function during au tomatic behavior in the midfrequency tapping range (Fig. 3B) . Animal studies (Aizawa et aI. , 1991) have shown that overlearning of a simple motor task gradually decreases the activity of SMA neurons, while a subsequent lesion in the M I causes a reac tivation of the same cells. We suggest that the ac tivation of the SMA is dependent on qualitative as pects of the movement, such as the difficulty or complexity rather than frequency, and that this ef fect is reflected in our results. It must, however, be emphasized that we were not able to detect this coupling statistically. Our findings could explain why different investigators obtain different results regarding the role of the SMA in fast versus slow or complex versus simple repetitive movements. Fur thermore, our findings underline the need for para digm control and uniformity in motor activation studies with regard to frequency of movement, complexity, and amplitude, if a comparison is to be made between studies of different research centers.
Al
In the left primary auditory cortex (Fig. 3C) , we found a significant auditory stimulus rate depen dence of rNC. The Al of the right hemisphere is significantly less activated than that of the left, probably due to a facilitation effect in the active left hemisphere. Our results support the findings of Wise et al. (1991) , who reported a significant posi tive correlation between different frequencies (0.5-1 Hz) of word presentation and rCBF. We found a stronger association between stimulus and activation, presumably the result of a more strict paradigm using electronically generated sounds and a safer conduction of the stimulus (regarding sound volume) interval between the cues, etc. A recent functional magnetic resonance imaging (MRI) study (Binder et aI., 1994) , using presentation of syllables in the frequency range of 0.17-2.50 Hz as the audi tory stimulus, showed an exponentially decaying, nonlinear relationship between increasing stimulus rate and AI activation. In our measurements, mean values have a close relationship to the regression line, with a slight sigmoid deviation form linearity. Looking at the interval from 0.5 to 2 Hz (Fig. 3C) , the response function could be described as decay ing exponentially, while including the rest of the interval clearly argues against this relationship. Our measurements show quite large standard deviations that weaken the arguments of the discussion, but it seems that there could be merging conclusions from the two experiments, explained by the differences between stimulus ranges alone. A comparison of the same paradigm using PET and functional MRI would be interesting in this context.
MI
The physiological basis for ipsilateral motor acti vation has been thoroughly described by Kawa shima et al. (1993) , who found ipsilateral motor ac tivation when subjects were using the nondominant hand. Other authors have related the presence of ipsilateral motor activation to complexity of move ment (Shibasaki et aI., 1993; Rao et aI., 1993) or to movement of more axial limbs (Colebatch et aI., 1991) ; a functional MRI study (Kim et aI., 1993) showed that ipsilateral activation is always present, but reduced by a factor of 20, compared to the con tralateral hemisphere. We found a small activation of the M I that is only significantly present during fast motor performance (Fig. 3E) . The entire acti vated area is located in the middle of the precentral gyrus, in the transition zone between the primary motor area and the premotor area, more rostral and lower compared to the contralateral MIS l. There is no activation of sensory cortex, which clearly un derlines the neural selection of the activation. Ac cording to the human motor homunculus, the region is located between the digit and the face represen tation areas. Animal studies in monkeys (Aizawa et aI., 1990) have shown a similar localization of M I activation, which is a physiological phenomenon that is poorly understood. Conclusions regarding rate dependence seem dubious since the increment of the activation is small, reducing the sensitivity of Frequency of fmgertapping (Hz) Frequency offingertapping (Hz) the post hoc regression analysis. We can only con clude that ipsilateral motor activation is present during performance of simple distal limb move ment. Regarding sources of error, visual inspection of subjects during the experiment did not reveal co movement of the left arm, although this was not electrophysiologically controlled. 
It is well known that the cerebellum is ipsilater ally activated in the execution of human motor per formance. Activation studies using two movement frequencies have shown no rate dependence (Seitz et aI., 1990) , but performance and training effects have been shown to decrease cerebellar activation (Jenkins et aI. , 1994; Friston et aI., 1992) . It is well known that learning a new motor sequence nor mally seems difficult in the beginning, while training shifts the behavior to a more automatic execution. In our experiments, there was only a brief introduc tion to the rate of the different tapping frequencies, and automatic and good performance was in the midfrequency range. PET data reflect this pattern (Fig. 3D) , with a relative decrease of activation in the midfrequency range. There was no movement rate dependence (Table 3) ; this indicates a more central and nonfrequency-dependent role of the cer ebe Hum in the processing of sensorimotor input. L, left; R, right; a, slope; p , significance threshold. A value of p < 0.01 indicates a rate dependence of cerebral activation. The left column show values based on calculations of all measurements in the frequency range (0.5--4 Hz); values of the right column are based on measurements in the frequency range of 0.5-3.5 Hz after exclusion of the 4 Hz measurement.
The possible coupling of PET and performance evaluation data support the hypothesis of perfor mance-dependent ipsilateral cerebellar activation, although we were not able to detect such an effect statistically. Furthermore, we find a smaller sized and significantly less activated area in the upper part of the left cerebellar hemisphere (Table I) . Bi lateral cerebellar activation during performance of unilateral motor tasks has been reported by other authors (Friston et aI., 1992; Shibasaki et aI. , 1993) ; however, further discussion of this issue is, unfor tunately, not within the limits of the present report.
We believe that the present data provide useful information for the planning and interpretation of future motor activation experiments regarding rate of execution and difficulty of task. The importance of a reliable performance control is also emphasized in this report. Our experiments can serve as possi ble references for studies of pathological condi tions, in the attempt to describe and understand the consequences of focal or diffuse lesions on cerebral activation.
